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(57)  Ameasuring instrument comprising a stylus dis-
placed following a work, the instrument further comprises
a correctorfor correcting adisplacementin the translation
axis direction value according to a height detection axis
direction value of the stylus position in a plane specified
by the height detection axis and the translation axis, the
corrector comprising a calibration measuring device that
obtains the calibration measurement data including the

FIG. 1A

Correction method for a contour measuring instrument

displacement information of the translation axis direction
value corresponding to the height detection axis direction
value of the stylus by moving the stylus; a correction pa-
rameter setting device that determines a correction pa-
rameter best suited for correcting the measurement error
due to the vertical movement error of the stylus based
on the displacement information of the stylus; and a
measurement data correcting device that corrects a
measurement data by using the correction parameter.
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Description
BACKGROUND OF THE INVENTION
FIELD OF THE INVENTION

[0001] The presentinvention relates to a correction method and a measuring instrument and, more particularly, to an
improvement of a correction mechanism for correcting a measurement error due to the motion of a stylus.

PRIOR ART

[0002] Conventionally, a precision measuring instrument such as a form measuring instrument has been used to
measure the form of a work. The precision measuring instrument includes a stylus and a pickup. When tracing is
performed on a work in the X-axis direction by using a tip of the stylus, the stylus moves up and down following the
height of work. The pickup detects the up-and-down movement of the stylus, and obtains coordinate value information
of a point on the work. From the obtained coordinate value information on the work, the form etc. of work are determined.
[0003] For the precision measuring instrument, highly accurate measurement is demanded as compared with the
general measuring instrument. However, a pivot-type stylus may cause an error in the measurement result because a
stylus arm performs circular motion around a supporting point. Therefore, in precise measurement, it is very important
to properly reduce the measurement error due to the circular motion.

[0004] To meet such a demand, conventionally, it has been thought that an attempt is made to reduce the influence
of measurement error due to the circular motion of pivot-type stylus by correcting the data measured by the pivot-type
stylus using a correction algorithm described, for example, in Japanese Patent No. 2727067, Japanese Patent No.
3215325, Japanese Unexamined Patent Application Publication (Translation of PCT Application) No. 2003-500675,
Japanese Unexamined Patent Application Publication No. 03-115902, and U.S. Patent No. 5150314.

[0005] However, even in the above-described conventional system, regarding the correction accuracy of data meas-
ured by a stylus, further improvement has been demanded. Also, conventionally, a proper technique capable of meeting
this demand has not existed.

SUMMARY OF THE INVENTION

[0006] The present invention has been made to solve the problems with the conventional art, and accordingly an
object thereof is to provide a correction method and a measuring instrument capable of correcting the data measured
by a stylus with higher accuracy.

[0007] Theinventors have carried out continual studies on the correction of data measured by a stylus, and resultantly
found the fact that a very high accurate correction result can be obtained by correcting the measurement error due to a
vertical movement error in the YZ plane of the stylus as compared with the conventional system although the inventors
have conventionally paid attention to only the measurement error due to the circular motion of a pivot-type stylus in the
XZ plane, and finally completed the present invention.

[0008] In order to achieve the object described above, a correction method according to the present invention corrects
a measurement error included in data obtained by tracing the surface to be measured of a work in the measurement
axis direction by using the tip of a stylus, the correction method comprises a calibration measurement step, and a
correction parameter setting step.

[0009] The measurement error is a measurement error due to a vertical movement error of the stylus displaced
following the surface to be measured of the work. The vertical movement error is a displacement in the translation axis
direction value according to a height detection axis direction value of the tip position in vertical movement error correction
plane specified by the height detection axis and the translation axis.

[0010] The calibration measurement step obtains calibration measurement data including the displacement information
of a translation axis direction value corresponding to the height detection axis direction value of the stylus by moving
the stylus.

[0011] The correction parameter setting step determines a vertical movement error correction parameter value best
suited for correcting the measurement error due to the vertical movement error of the stylus based on the displacement
information of the stylus included in the calibration measurement data obtained in the calibration measurement step.
[0012] In the correction method according to the present invention, it is preferred that in the calibration measurement
step, a reference sphere is a complete sphere with its surface finished precisely is traced in the measurement axis
direction at a designated translation axis direction value by the stylus, whereby the stylus is moved, and also, cross-
sectional contour information including at least the top of the sphere is obtained in a plurality of different translation axis
direction values on the reference sphere, whereby the calibration measurement data is obtained. It is preferred that in
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the correction parameter setting step, the value of the vertical movement error correction parameter is determined by
comparing the calibration measurement data with the reference information about the reference sphere.

[0013] In the correction method according to the present invention, it is preferred that in the correction parameter
setting step, actual moving locus information actually drawn on the vertical movement error correction plane by the stylus
based on the information of the top of the sphere included in the calibration measurement data is determined, and also,
ideal moving locus information on the vertical movement error correction plane of the stylus is determined based on the
reference contour information about the reference sphere. It is preferred that in the correction parameter setting step,
by comparing the actual moving locus information of the stylus with the ideal moving locus information thereof, the
displacement information of the translation axis direction value corresponding to the height detection axis direction value
of the stylus is estimated, and the value of the vertical movement error correction parameter best suited for correcting
the estimated displacement information is determined.

[0014] In the correction method according to the present invention, it is preferred that the measurement error is a
measurement error due to the vertical movement error of the pivot-type stylus performing circular motion on a motion
error correction plane specified by the measurement axis and the height detection axis.

[0015] In the correction method according to the present invention, it is preferred that the measurement error is the
vertical movement error of a linear stylus performing linear motion on the motion error correction plane specified by the
measurement axis and the height detection axis.

[0016] In the correction method according to the present invention, it is preferred that the measurement error is a
measurement error due to the motion of the stylus in the motion error correction plane specified by the measurement
axis and the height detection axis. It is preferred that in the correction parameter setting step, the value of a motion error
correction parameter best suited for correcting the measurement error due to the motion of the stylus in the motion error
correction plane is further determined.

[0017] In the correction method according to the present invention, it is preferred that a measurement range in the
height detection axis direction is divided in advance into a predetermined number of regions. It is preferred that in the
correction parameter setting step, the optimal value of the vertical movement error correction parameter or the optimal
value of the motion error correction parameter is determined in each of the divided regions.

[0018] In the correction method according to the present invention, it is preferred that in the correction parameter
setting step, the optimal value of the vertical movement error correction parameter or the optimal value of the motion
error correction parameter is determined in each of the divided regions at the same time by using the nonlinear least-
squares method.

[0019] In the correction method according to the presentinvention, it is preferred that the correction method comprises
a measurement data correcting step of correcting the measurement data, which is obtained by tracing the work to be
measured by using the stylus, by using the value of the vertical movement error correction parameter or the value of
the motion error correction parameter. It is preferred that in the measurement data correcting step, the value of the
vertical movement error correction parameter or the value of the motion error correction parameter best suited for
correcting the measurement data is selected from the values of the vertical movement error correction parameter or the
values of the motion error correction parameter, which are determined in the correction parameter setting step, based
on the height detection axis direction value that the measurement data has.

[0020] In order to achieve the object described above, a measuring instrument according to the present invention
comprises a stylus displaced following the surface to be measured of a work, and a pickup for outputting at least a height
detection axis direction value of the stylus, the measuring instrument further comprises a corrector for correcting a
measurement error included in the data obtained by tracing the surface to be measured of the work in the measurement
axis direction by a tip of the stylus.

[0021] The measurement error is a measurement error due to a vertical movement error of the stylus. The vertical
movement error is a displacement in the translation axis direction value corresponding to the height detection axis
direction value of the tip position in vertical movement error correction plane specified by the height detection axis and
the translation axis.

[0022] The corrector comprises a calibration measuring device, a correction parameter setting device, and a meas-
urement data correcting device.

[0023] The calibration measuring device obtains the calibration measurement data including the displacement infor-
mation of a translation axis direction value corresponding to the height detection axis direction value of the stylus by
moving the stylus.

[0024] The correction parameter setting device determines the value of the vertical movement error correction pa-
rameter best suited for correcting the measurement error due to the vertical movement error of the stylus based on the
displacement information of the stylus included in the calibration measurement data obtained by the calibration measuring
device.

[0025] The measurement data correcting device corrects a measurement data, which is obtained by tracing the work
to be measured by using the stylus, by using the value of the vertical movement error correction parameter determined
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by the correction parameter setting device.

[0026] The measurement axis direction referred here means the detection coincide with the feed direction of the pick
up (tracing direction). The translation direction referred here means the direction perpendicular to the measurement axis
direction and the height detection axis direction. The displacement referred here means that displacement of the tip
position in the translation direction from a normal position in the ideal vertical movement (height detection axis).
[0027] According to the correction method (measuring instrument) in accordance with the present invention, the cal-
ibration measurement step (calibration measuring device) and the correction parameter setting step (correction parameter
setting device) are provided. As the result, according to the present invention, the measurement error due to the vertical
movement error of the stylus can be corrected. Therefore, in the present invention, the measurement data obtained by
the stylus can be corrected with very high accuracy as compared with the conventional example.

[0028] Also, in the present invention, by further setting a motion error correction parameter, the measurement data
obtained by the stylus can be corrected with higher accuracy.

[0029] In the present invention, by setting the optimal value of correction parameter in each of regions obtained in
advance by dividing the measurement range in the height detection axis direction, the measurement data obtained by
the stylus can be corrected with higher accuracy.

[0030] Herein, in the present invention, by determining all values of the correction parameter at the same time, the
highly accurate correction can be made more efficiently.

BRIEF DESCRIPTION OF THE DRAWINGS
[0031]

Figs. 1A and 1B are an explanatory view of a measuring instrument for carrying out a correction method in accordance
with one embodiment of the present invention.

Figs. 2A and 2B are an explanatory view of a vertical movement error of a stylus, which is to be corrected in a
correction method in accordance with one embodiment.

Figs. 3A, 3B, and 3C are an explanatory view of a calibration measurement step and a correction parameter setting
step in accordance with one embodiment.

Fig. 4 is an explanatory view of a measurement data correcting step in accordance with one embodiment.

Fig. 5 is an explanatory view of a measurement error due to the circular motion in the XZ plane of a stylus, the
measurement error being suitably corrected simultaneously with a vertical movement error, in a correction method
in accordance with one embodiment.

Figs. 6A and 6B is an explanatory view of amultilayer structure algorithm suitable in a correction method in accordance
with one embodiment.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0032] One preferred embodiment of the present invention will now be described with reference to the accompanying
drawings.

[0033] Fig. 1 shows a schematic configuration of a measuring instrument for carrying out a correction method in
accordance with one embodiment of the present invention. Fig. 1A is a view of a stylus viewed from the XZ plane, and
Fig. 1B is a view of a stylus viewed from the YZ plane. In this embodiment, a case is explained in which a measurement
error due to a vertical movement error (vertical fall error) of a pivot-type stylus is corrected.

[0034] A form measuring instrument (measuring instrument) 10 shown in Fig. 1 includes a pivot-type stylus (stylus)
12 and a pickup 14.

[0035] When tracing is performed in the X-axis direction (measurement axis direction) on the surface to be measured
of a work 18 using a tip 16, the pivot-type stylus 12 performs circular motion around a supporting point 20 in the XZ
plane (motion error correction plane) following the surface to be measured of the work 18.

[0036] The pickup 14 has a Z value detector 22, and detects displacement in the Z-axis direction (height detection
axis direction) of a stylus arm 24 caused by the circular motion in the XZ plane of the pivot-type stylus 12, that is, the
circular motion in the XZ plane of the stylus arm 24.

[0037] A first feature of the present invention is that a measurement error due to a vertical movement error in the YZ
plane (vertical movement error correction plane) of the stylus 12 performing circular motion in the XZ plane following
the surface to be measured of the work 18 is corrected.

[0038] Therefore, in this embodiment, a corrector 26 is provided. The corrector 26 includes the pickup (calibration
measurement device) 14, a correction parameter setting device 28, and a measurement data correcting device 30.
[0039] The pickup 14 performs a calibration measurement step. Specifically, the pickup 14 causes the stylus 12 to
perform circular motion to obtain calibration measurement data including the displacement information of Y-axis direction
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(translation axis direction) value corresponding to the Z value of the stylus 12, as the calibration measurement step.
[0040] Also, the correction parameter setting device 28 consists of, for example, a computer 32, and performs a
correction parameter setting step. Specifically, the correction parameter setting device 28 determines, as the correction
parameter setting step, the value of the vertical movement error correction parameter best suited for correcting the
measurement error due to the vertical movement error of the stylus 12 based on the displacement information of the
stylus 12 included in the calibration measurement data.

[0041] The measurement data correcting device 30 consists of, for example, a computer 32, and performs a meas-
urement data correcting step. Specifically, the measurement data correcting device 30 corrects, as the measurement
data correcting step, the measurement data, which has been obtained by tracing the work to be measured by using the
stylus 12, using the value of the vertical movement error correction parameter determined by the correction parameter
setting device 28.

[0042] Next, the above-described configuration is explained in more detail. The pickup 14 causes, as the calibration
measurement step, the stylus 12 to perform circular motion in the XZ plane by tracing the designated Y value on a
reference sphere 18a in the X-axis direction using the stylus 12.

[0043] Also, the pickup 14 obtains, as the calibration measurement step, calibration measurement data by obtaining
XZ cross-sectional contour information including at least the top of the sphere at a plurality of different Y values on the
reference sphere 18a.

[0044] Inthis embodiment, as the reference sphere 18a, a complete sphere with its surface finished precisely and the
radius R of which is known is used.

[0045] The correction parameter setting device 28 determines, as the correction parameter setting step, a vertical
movement error correction parameter value by comparing the calibration measurement data with the reference infor-
mation about the reference sphere 18a.

[0046] Therefore, in this embodiment, the correction parameter setting device 28 determines actual moving locus
information actually drawn in the YZ plane by the stylus 12 based on the information of each top of the sphere included
in the calibration measurement data. Also, the correction parameter setting device 28 determines ideal moving locus
information in the YZ plane of the stylus 12 based on the reference contour information about the reference sphere 18a.
The correction parameter setting device 28 estimates the displacement information of Y value corresponding to the Z
value of the stylus 12 by comparing the actual moving locus information of the stylus 12 with the ideal moving locus
information thereof. The correction parameter setting device 28 determines the value of the vertical movement error
correction parameter best suited for correcting the estimated displacement information.

[0047] In this embodiment, the measuring instrument includes a feeding device 34 and an X-axis detector 36. The
feeding device 34 feeds the supporting point 20 in the X-axis direction. The X-axis detector 36 outputs the amount of
feed in the X-axis direction of the supporting point 20 performed by the feeding device 34.

[0048] In this embodiment, the measuring instrument includes a Y-axis table 38 and a Y-axis detector 40. The Y-axis
table 38 is mounted with the work 18. The Y-axis table 38 is moved in the Y-axis direction in a state of being mounted
with the work 18. The Y-axis detector 40 outputs the travel distance in the Y-axis direction of the Y-axis table 38.
[0049] In this embodiment, the XYZ coordinate values of a measurement point on the work 18 are estimated as
described below. Specifically, in this embodiment, the XYZ coordinate values of the tip 16 are estimated based on a
stylus arm length 1, a stylus edge length h, and the amount of feed in the X-axis direction of the supporting point 20 by
the feeding device 34. Based on the estimated XYZ coordinate values of the tip 16, the XYZ coordinate values of the
point on the work 18 are estimated.

[0050] Inthis embodiment, the measuringinstrumentincludes an analyzer42. The analyzer 42 analyzes the necessary
form etc. from the corrected data (the XYZ coordinate values of a point on the work) obtained by the measurement data
correcting device 30.

[0051] In this embodiment, a Z range dividing step, described later, that is, a Z range divider 44 that divides the Z-
axis direction measurement range is provided.

[0052] The form measuring instrument 10 in accordance with this embodiment is configured as described above. The
operation of the form measuring instrument 10 is explained below. The present invention has been made by paying
attention to the following point: for the pickup 14 of the pivot-type stylus 12, correction must be made considering the
circular motion of the stylus arm 24. In the correction considering the circular motion of the stylus arm 24, it is usually
assumed only that the circular motion locus of the stylus arm 24 as shown in Fig. 2A exists in the XZ plane. Therefore,
it is presumed that an influence due to a displacement from the XZ plane is not exerted.

[0053] However, the inventors earnestly carried out studies on highly accurate correction processing of the data
measured by the stylus 12, and found that, to be exact, the motion of the stylus arm 24 slightly displacements from the
vertical movement in the YZ plane as shown in Fig. 2B. Therefore, it was confirmed that an error occurs on the Y
coordinate value.

[0054] As shown in Fig. 2B, the ideal operation of the stylus 12 is parallel to the Z-axis direction in the YZ plane,
whereas the actual operation of the stylus 12 has a displacement of Y value corresponding to the Z value in the YZ plane.
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[0055] Therefore, the present invention provides a corrector for correcting the measurement error due to the vertical
movement error in the YZ plane of the stylus. As the result, in the present invention, the correction processing of the
data measured by the stylus can be performed with higher accuracy.

[0056] Next, the above-described operation is explained in more detail. In this embodiment, to perform correction
processing with higher accuracy, the measurement error due to the vertical movement error of the stylus is corrected.
For this purpose, in this embodiment, the calibration measurement step (S10) and the correction parameter setting step
(S12) are provided as shown in Fig. 3.

<Calibration measurement>

[0057] In the calibration measurement step (S10), the stylus 12 is moved, by which the calibration measurement data
including the displacement information of Y value corresponding to the Z value of the stylus 12 can be obtained.
[0058] Therefore, in the calibration measurement step (S10), the stylus 12 is traced in the X-axis direction at the
designated Y value on the reference sphere 18a, by which the stylus 12 is moved. Also, in the calibration measurement
step (S10), the XZ cross-sectional contour information including at least the top of the reference sphere 18a is obtained
at a plurality of different translation axis direction values on the reference sphere 18a, by which the calibration meas-
urement data is obtained.

[0059] More specifically, the reference work 18a is moved in the Y-axis direction by the Y-axis table 38, and the stylus
12 is set at the designated Y value on the reference sphere 18a based on the designated value of the Y value detector.
As shown in Fig. 3A, the stylus 12 is scanned in the X-axis direction at the designated Y value, by which the XZ cross-
sectional contour information at the designated Y value is acquired.

[0060] Such acquisition of the XZ cross-sectional contour information at the designated Y value is made by changing
the designated Y value by the movement in the Y-axis direction of the Y-axis table 38. At a plurality of designated Y
values as shown in Fig. 3B, the XZ cross-sectional contour information is acquired.

[0061] In this embodiment, the calibration measurement is made by using the reference sphere 18a only in place of
a general special-purpose unit, by which the calibration measurement can be performed at high speed, the cost can be
reduced by the simplification of a calibration jig, and further the ease of use can be increased.

[0062] Also, in the measurement of a plurality of XZ cross sections, in order to increase the accuracy of calculation
result of correction parameter, it is preferable that measurement such that the spaces between the measurement cross
sections are as close as possible should be made as shown in Fig. 3B. However, in order to acquire the data efficiently,
it is also preferable that measurement such that the spaces between the measurement cross sections are rougher than
the spaces between the measurement cross sections shown in Fig. 3B should be made as shown in Fig. 3C.

<Correction parameter setting>

[0063] After the calibration measurement step (S10) has been finished, the correction parameter setting step (S12)
is performed. In the correction parameter setting step (S12), based on the displacement information of the stylus 12
included in the calibration measurement data obtained in the calibration measurement step (S10), the value of the vertical
movement error correction parameter best suited for correcting the measurement error due to the vertical movement
error of the stylus 12 can be determined.

[0064] For this purpose, in the correction parameter setting step (S12), the value of the above-described vertical
movement error correction parameter is determined by comparing the calibration measurement data with the reference
information about the reference sphere 18a.

[0065] More specifically, in the correction parameter setting step (S12), the actual moving locus information actually
drawn in the YZ plane by the stylus 12 is determined based on the information of the top of the sphere included in the
calibration measurement data. Also, in the correction parameter setting step (S12), the ideal moving locus information
inthe YZ plane of the stylus 12 is determined based on the reference contour information about the reference sphere 18a.
[0066] In the correction parameter setting step (S12), the displacement information of Y value corresponding to the
Z value of the stylus 12 is estimated by comparing the actual moving locus information of the stylus 12 with the ideal
moving locus information thereof. Also, in the correction parameter setting step (S12), the value of the vertical movement
error correction parameter best suited for correcting the estimated displacement information is determined.

[0067] Since the measurement error due to the vertical movement error of the stylus 12 can be estimated with high
accuracy in this manner, the value of the vertical movement error correction parameter can be set more properly.
[0068] Using such a value of the vertical movement error correction parameter, the measurement data obtained by
the measurement of a work 18b to be measured can be corrected.
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<Measurement of work>

[0069] In a work measuring step (S14) as shown in Fig. 4, the measurement data is obtained by tracing the work 18b
to be measured, in place of the reference work 18a, by the stylus 12.

<Correction of measurement data>

[0070] After the work measuring step (S14) has been finished, a measurement data correcting step (S16) is performed.
In the measurement data correcting step (S16), the measurement data obtained in the work measuring step (S14) is
corrected by using the correction parameter determined in the correction parameter setting step (S12).

[0071] As the result, in this embodiment, the measurement error due to the vertical movement error of the stylus 12,
that is, the measurement error of Y value corresponding to the Z value in the YZ plane can be corrected from the
measurement data with high accuracy.

[0072] As described above, in this embodiment, the calibration measurement step (calibration measurement device),
the correction parameter setting step (correction parameter setting device), and the measurement data correcting step
(measurement data correcting device) are provided.

[0073] Astheresult,inthisembodiment, the vertical movement error of the stylus can be corrected with higher accuracy.
Therefore, in this embodiment, correction processing of the data measured by the stylus can be performed with higher
accuracy.

<Analysis of shape etc.>

[0074] After the measurement data correcting step (S16) has been finished, an analyzing step (S18) is performed. In
the analyzing step (S18), the contour etc. of work to be measured is analyzed by using the corrected data obtained in
the measurement data correcting step (S16). Thereby, in this embodiment, the contour etc. can be analyzed with high
accuracy as compared with the case where the general data is used.

Higher accuracy

[0075] In this embodiment, in order to perform the correction processing of the data measured by the stylus 12 with
higher accuracy, it is very important to make contrivance described below in the above-described configuration.

<Motion error>

[0076] In this embodiment, in order to perform the correction processing of the data measured by the stylus 12 with
higher accuracy, it is very important to simultaneously consider the measurement error due to the circular motion in the
XZ plane of the stylus 12.

[0077] Thereupon, in this embodiment, as the measurement error, a measurement error due to the circular motion of
the pivot-type stylus 12 in the XZ plane (motion error correction plane) as shown in Fig. 5 is further considered. In the
present invention, in the correction parameter setting step, a circular motion error correction parameter best suited for
correcting the measurement error due to the circular motion of the pivot-type stylus in the XZ plane is further determined.
[0078] For this purpose, in this embodiment, in the correction parameter setting step (12), the XZ cross-sectional
contour information at the designated Y value in the XY plane is further compared with the reference contour information
about the reference sphere 18a, and the circular motion error correction parameter best suited for correcting the meas-
urement error due to the circular motion in the XZ plane of the stylus 12 is estimated.

[0079] As the result, in this embodiment, the measurement error due to the circular motion in the XZ plane of the stylus
12 can be corrected together with the measurement error due to the vertical movement error of the stylus 12.

[0080] Therefore, inthis embodiment, the correction processing of the data measured by the stylus 12 can be performed
properly as compared with the case where attention is paid to only the measurement error due to the vertical movement
error of the stylus 12 or the case where attention is paid to only the measurement error due to the circular motion of the
stylus 12.

<Correction algorithm>

[0081] Usually, it is thought that the general correction algorithm is used to correct the measurement error due to the
vertical movement error of the stylus 12. That is to say, usually, it is thought that the same value of correction parameter
is used in the whole region of the measurement range in the Z-axis direction.

[0082] On the other hand, in this embodiment, it is very preferable that a multilayer structure algorithm should be used
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to perform correction processing with higher accuracy.

[0083] Therefore, in this embodiment, as shown in Fig. 6A, the measurement range (Z range) in the Z-axis direction
is divided in advance into a predetermined number of regions (region 1, region 2, ... region N). In this embodiment, for
each of the divided regions (region 1, region 2, ... region N), the optimal value of the vertical movement error correction
parameter is set.

[0084] As the result, in this embodiment, the value of the vertical movement error correction parameter can be deter-
mined properly as compared with the case where the general correction algorithm is used.

[0085] Also, usually, it is thought that the general correction algorithm is also used to correct the measurement error
due to the circular motion in the XZ plane of the stylus 12. That is to say, usually, it is thought that the same value of
correction parameter is used for the all regions of the measurement range in the Z-axis direction.

[0086] On the other hand, in this embodiment, it is very preferable that the multilayer structure algorithm should be
used to perform correction processing with higher accuracy.

[0087] Therefore, in this embodiment, as shown in Fig. 6B, the measurement range (Z range) in the Z-axis direction
is divided in advance into a predetermined number of regions (region 1, region 2, ... region N). For each of the divided
Z regions, the optimal value of circular motion error correction parameter is set.

[0088] As the result, in this embodiment, the value of circular motion error correction parameter can be determined
properly as compared with the case where the general correction algorithm is used.

[0089] As described above, in this embodiment, the measurement range in the Z-axis direction is divided in advance
into a predetermined number of regions. In the correction parameter setting step (S12), it is preferable to determine the
optimal value of the vertical movement error correction parameter and the optimal value of the circular motion error
correction parameter for each of the divided regions (region 1, region 2, ... region N).

[0090] Also, in this embodiment, it is also possible to determine the value of the vertical movement error correction
parameter and the value of circular motion error correction parameter separately. However, the simultaneous determi-
nation of all values of these parameters is very favorable in terms of efficient correction processing.

[0091] Therefore, in this embodiment, the Z range dividing step (S20) performed by using the Z range divider 44 is
provided. In the Z range dividing step (S20), the division positions of Z range in Fig. 6A and the division positions of Z
range in Fig. 6B are set so as to be the same.

[0092] In the correction parameter setting step (S12), the calibration measurement data obtained in the calibration
measurement step (S10) is compared with the reference information about the reference sphere 18a by the nonlinear
least-squares method. All optimal values of the vertical movement error correction parameter and the circular motion
error correction parameter are calculated simultaneously for the divided regions (region 1, region 2, ... region N).
[0093] Thereby, in this embodiment, all correction parameter values necessary for the correction of the various errors
can be calculated simultaneously merely by making the calibration measurement of the reference sphere 18a once.
Thereby, the efficiency of correction processing can be increased.

<Correction of measurement data>

[0094] In this embodiment, the measurement data is corrected as described below by using the correction parameter
determined as described above.

[0095] Inthe measurement data correcting step (S16), a Z region to which the measurement data belongs is identified
from the Z value of measurement data.

[0096] Thus, in the measurement data correcting step (S16), the value of the vertical movement error correction
parameter and the value of circular motion error correction parameter that are best suited for correcting the measurement
data in the identified Z region are selected from the values of the vertical movement error correction parameter and the
values of circular motion error correction parameter that are determined in the correction parameter setting step (S12).
[0097] Inthe measurement data correcting step (S16), the measurement data is corrected by using the selected value
of the vertical movement error correction parameter and the selected value of circular motion error correction parameter.
[0098] Therefore, in this embodiment, the correction processing of data measured by the stylus 12 can be performed
with high accuracy as compared with the conventional system, that is, as compared with the case where the same value
of correction parameter is used for all regions of the Z axis.

<Correction of the vertical movement error>
[0099] Next, the correction of the vertical movement error is explained in more detail. The measurement data obtained

from the pickup 14 of the pivot-type stylus 12 can be corrected by a correction equation expressed as the following
equation 1.
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(Equation 1)

x;=x,+la-,h-(§%%ﬂ)-h5%1

r, = 2. + - |1- (B

Wherein 1 is a stylus arm length, h is a stylus edge length, and g is a gain coefficient.

[0100] Inthis embodiment, the vertical movement error of Y coordinate value obtained from the pickup 14 of the pivot-
type stylus 12 can further be corrected. Specifically, when a Y coordinate value Y, of measurement data is given, the
Y error depends on the Z coordinate value representing the fall position of the stylus 12. The Y error can be expressed
by the following equation 2 as first-order approximation.

(Equation 2)
Y, =Y, td'z,

[0101] Wherein d is a coefficient for vertical movement error correction.
[0102] The correction equation expressed by the above equation 2 can be expressed by the following equation 3 as
a high-order polynomial equation in a Z coordinate value Z,, of the measurement data.

(Equation 3)
Ve =Y +dyz, +dyz, +dyz,” 4o

[0103] In this embodiment, even if the correction equation is a primary equation, a satisfactory correction result can
be obtained by using the multilayer structure algorithm.

<Multilayer structure algorithm>

[0104] Hereunder, the multilayer structure algorithm is explained in more detail. The basic concept of the multilayer
structure algorithm is that as shown in Fig. 6, the Z range capable of being measured by the pivot-type stylus 12 is
divided into the plurality of regions (region 1, region 2, ... region N), and the value of correction parameter best suited
for each region is set.

[0105] For example, the stylus arm length 1, the stylus edge length h, the gain coefficient g, and the coefficient d for
vertical movement correction are correction parameters. These correction parameters are set for each region.

[0106] Also, the center coordinates (x, Y, Z;) of reference sphere and a tip radius r are values of correction parameter
that are common to the regions.

[0107] To estimate the correction parameter, calibration measurement is first made using the reference sphere.
[0108] The reference sphere is a work having a shape of a complete sphere with its surface finished precisely and
the radius R of which is known. Also, the tip end shape of the pivot-type stylus 12 (the shape of the tip 25) is spherical.
[0109] The Zrange is divided into N number of regions (region 1, region 2, ... region N). However, the Z range need
not be divided equally.

[0110] Also, in order to correct the measurement error due to the circular motion of the stylus arm in the XZ plane,
one cross section passing through the top of the reference sphere is merely measured. In this embodiment, to correct
the vertical movement error of the stylus, the measurement of particular cross section passing through the top of the
reference sphere is made in a plurality of cross sections.

[0111] Taking the calibration measurement data obtained by the measurement of reference sphere as (x,™, y,\™, z.™),
k=1, 2, ... n, the correction parameter is estimated so that the sum of squares of error with respect to the reference
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sphere is at a minimum.

[0112] For this purpose, taking the radius of reference sphere as R, the center coordinates of reference sphere as
(X¢ Yo Zo), and the radius of the tip of the stylus as r, a correction parameter such that a performance index f expressed
by the following equation 4 is made at a minimum is determined.

(Equation 4)

f=20)(x;-x ) +(y[-y.) +(z-2.)* -R+D)}?

k=l

[0113] Wherein (x,, v\, ) is a value obtained by correcting the measurement data (x, ™, y, ™, z,™) by using the
correction parameter. This correction value (x,, y,', z,") can be expressed by the following equation 5 by using the
correction parameter.

(Equation 5)

r

xk -

[0114] However, itis assumed that the measurement data (x,™, y, ™, z,™) exists in region i after the Z range has been
divided into N numbers. The symbols |;, h;, g;, and d; are the stylus arm length, the stylus edge length, the gain coefficient,
and the vertical movement error correction coefficient, respectively, in region i.

[0115] Herein, by utilizing the nonlinear least-squares method, the set of correction parameters (I, h;, g;, d;) i=1, 2, ...
N that minimizes the performance index f expressed by the above equation 4, the center coordinates (x;, Y., Z;) of
reference sphere 18a, and the radius r of the tip 16 can be determined at the same time.

[0116] An optimal value is set to the stylus length 1, the stylus edge length h, the gain coefficient g, and the vertical
movement error correction coefficient d for each region.

[0117] Also, the center coordinates (X, Y., Z.) of the reference sphere 18a and the radius r of the tip 16 adopt a value
of correction parameter common to the divided regions.

[0118] According to this embodiment, the vertical movement error in the YZ plane of the stylus 12 can be modeled
more properly by using such a multilayer structure algorithm.

[0119] Moreover, according to this embodiment, by using the multilayer structure algorithm, not only the circular motion
in the XZ plane of the pivot-type stylus 12 can be modeled properly, but also even if the circular motion of the pivot-type
stylus 12 deviates from an ideal circle, the circular motion can be modeled more properly.

[0120] Therefore, according to this embodiment, a highly accurate correction result can be obtained as compared with
the conventional system.

<Number of divisions>

[0121] Inthisembodiment, in order to surely obtain high accuracy of correction processing using the multilayer structure
algorithm, it is also very important to select the number of divisions N of the Z range.

[0122] In this embodiment, it is especially preferable that the number of divisions N of the Z range should be not
smaller than 10 and not larger than 50.

[0123] If the number of divisions N of the Z range to the regions is smaller than 10, a satisfactory correction result is
not obtained in some cases. In contrast, if the number of divisions N is larger than 50, the stability of calculation result
is impaired in some cases.

10
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<Least-squares method>

[0124] The nonlinearleast-squares method, which is suited for being used in the estimation of the correction parameter,
is explained.

[0125] In the present invention, when the correction parameter is estimated, by using the nonlinear least-squares
method, all of the sets of correction parameters (I;, h;, g;, d) (i =1, 2, ... N) that minimize the performance index ¢, the
center coordinates (X, ¥, Z.) of the reference sphere 18a, and the radius r of the tip 16 can be determined atthe same time.
[0126] For the gain coefficient and the radius at the tip of the pivot-type stylus, which have conventionally been
calculated by using a step gage and a pin gauge, in the present invention, the calibration value can be obtained merely
by measuring the reference sphere.

<Initial value>

[0127] Next, the setting of an initial value, which is important in the nonlinear least-squares method, is explained.
[0128] In order to properly estimate the correction parameter by using the nonlinear least-squares method, the setting
of the initial value of correction parameter is very important, and an optimal initial value of correction parameter must
be given. If the initial value of correction parameter is badly given, the convergence takes much time, and in some cases,
an entirely different solution is given.

[0129] Forthisreason, itis preferable that the nonlinear least-squares method should be carried out by using the initial
value described below as the initial value of correction parameter.

[0130] In using the nonlinear least-squares method, first, an initial value must be given to an unknown parameter.
[0131] For the radius r of the tip of the stylus, the stylus arm length I; (i= 1, 2, ... N), and the stylus edge length h, (i =
1, 2, ... N), the designed value can be used as the initial value.

[0132] Also, itis preferable that for the gain coefficient g; (i = 1, 2, ... N), the initial value should be 1, and for the vertical
movement correction coefficient d; (i = 1, 2, ... N), the initial value should be 0.

[0133] For the center coordinates (x., Y., Z.) of the reference sphere, the value obtained by circle fitting using the
least-squares method, in which a performance index f expressed by the following equation 6 is made the performance
index, is used as a proper initial value.

(Equation 6)

£= (x5, )0 +(yf -3, +(2f -2,) -r,

k=l

[0134] Specifically, the initial value of center coordinates can be obtained by solving an equation expressed by the
following equation 7.

(Equation 7)

;{ =.431&(x:-'x¢)2"'(y:'yc):"'(z:'ze)z'rez}(x:.x¢)=0

25';:,4"2(”: X ) (YE 3 (2 r Y -y,) =0
4 =l
o %
é =.4kzx((x2' -x )+ (¥ -y ) 2y -2, ) r Mz -z ) =0

o) 3 = - - |
_é_{—":"’ 2((xk 'xc)z"'(yk 'ye)z"'(zk 'Ze)""cz}’}:o
¢ ku}

11
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[0135] Herein, the square rZ; of the sum r of the radius of reference sphere and the radius of the tip of the stylus can
be expressed by the following equation 8.

(Equation 8)

1 3 '
rt== 2((xr-x, ) +(yr-y.) +(zr-2,)'}

k=l

[0136] Therefore, the equation to be solved is expressed by the following equation 9.

(Equation 9)
2(5.‘.:;’ -nT )x, +2( Zxl gy - niF)y, + 2 Lxlzl -ni)z, = x4 32 4227 )(xn - 7)
k=l km} knl

2 Zaryy -ngp)z, +2 Dy eng’ sy, + 2 Sypep omie, = Seapt e 97 ea2 M52 - 3)
., ka2

k=l F 74

2(33:::: -n¥Z)x, + 2 Zypzy -nyz)y, +2( Xep’ -nzt )z, = Xzt 4y 422 N2m -2 )
. k=1 kal] k=1

[0137] However, the relationship expressed by the following equation 10 holds.

(Equation 10)

<Method for estimation>

[0138] Also, to efficiently estimate the parameter by using the nonlinear least-squares method, the Levenberg-Marqurdt
method described below can be used.

[0139] In the case where the Levenberg-Marqurdt method is used in the calculation of the nonlinear least-squares

method, the update amount vector AX of unknown parameter can be determined by solving the following equation 11
taking the performance index as ¢=fTf, the Jacobian matrix as J, and the damping factor as .

(Equation 11)
(JTT+ul)aX= -J'f

[0140] Wherein | is a unit matrix. The update of unknown parameter has only to finish at the time point when the
convergence condition that the update amount vector AX is sufficiently small or the change in performance index is

12
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[0141]
equation 13.

(Equation 12)

Jo= (XL -x, ) +(y;-y.)* +(z,-2.)* -(R+r) k=12,-,n

[0142]

EP 1 855 085 A1

Specifically, as the following equation 12, the elements of the Jacobian matrix can be determined by the following

(Equatibn 14)

P et
NxL-x, P +(3i-9,) +(z-2,)

[T L ORL £ 4 Tl A £ A——

T JxL-x ) (55 ) (2 -2, )
P e
LN -x )+ (yi -3, +(2-2,)

u_ o
0g; 0g;

o . Ox

o =P 5 tp:—
a, Pa Py

U, | Oxy Oz
Tk _ +p, =

% _
ad,
o
or

(274
Pr ad

=-1

%,
.

%
0Oz,

=Py

==P:

However, in the following equation 13, P,,, Py and P, satisfy the relationship given in the following equation 14.

(x:-x.)

(y1-5.)

(zc-2,)

13
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[0143] Using the update amount vector AX(M) obtained in the m-th iteration step, the unknown parameter can be
determined by successive updating until the convergence condition is met by the following equation 15.

. (Equation 15)
X™ = X(--l) +Axfll)

[0144] Wherein X(©O) is the initial value of unknown parameter.

[0145] Asdescribed above, inthis embodiment, the nonlinear least-squares method is used in estimating the correction
parameter. Thereby, all of the correction parameters can be calculated merely by making calibration measurement once.
Thereby, the optimal correction parameter can be acquired efficiently.

Modification example

<Unknown parameter>

[0146] In the above-described embodiment, the case where calibration is made by the reference sphere whose radius
R is known has been explained. However, the present invention is not limited to this case.

[0147] For example, even in the case where the radius R of reference sphere is not valued exactly, if the radius r of
the tip of the stylus is known (the calibration value obtained by the measurement using the pin gauge can also be used),
in place of the radius r of the tip of the stylus, the radius R of the reference sphere is considered as an unknown parameter,
by which a theoretical development that is the same as the theoretical development in the above-described embodiment
can be achieved.

<Linear stylus>

[0148] Also, in the above-described embodiment, the example in which the pivot-type stylus is used as a stylus has
been explained. However, the present invention is not limited to this type of the stylus.

[0149] For example, it is also preferable that the present invention should be applied to a linear stylus. The linear
stylus is a stylus that performs linear motion following the height of the work.

[0150] It is also very preferable that the present invention should be applied to the measurement error due to the
vertical movement error in the YZ plane of the linear stylus or the measurement error due to the straightness of linear
motion in the XZ plane of the linear stylus.

Claims

1. A correction method for correcting a measurement error included in data obtained by tracing the surface to be
measured of a work in the measurement axis direction by using a tip of a stylus,
the measurement error being a measurement error due to a vertical movement error of the stylus displaced following
the surface to be measured of the work, and the vertical movement error being a displacement in a translation axis
direction value according to a height detection axis direction value of the tip position in a vertical movement error
correction plane specified by the height detection axis and the translation axis,
wherein the correction method comprises:

a calibration measurement step of obtaining calibration measurement data including the displacement informa-
tion of the translation axis direction value corresponding to the height detection axis direction value of the stylus
by moving the stylus; and

a correction parameter setting step of determining a vertical movement error correction parameter value best
suited for correcting the measurement error due to the vertical movement error of the stylus based on the
displacement information of the stylus included in the calibration measurement data obtained in the calibration
measurement step.

2. The correction method according to claim 1, wherein in the calibration measurement step, a reference sphere that
is a complete sphere with its surface finished precisely is traced in the measurement axis direction at a designated

14
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translation axis direction value by the stylus, whereby the stylus is moved, and also, cross-sectional contour infor-
mation including at least the top of the sphere is obtained in a plurality of different translation axis direction values
on the reference sphere, whereby the calibration measurement data is obtained; and

in the correction parameter setting step, the value of the vertical movement error correction parameter is determined
by comparing the calibration measurement data with reference information about the reference sphere.

The correction method according to claim 2, wherein in the correction parameter setting step, actual moving locus
information actually drawn on the vertical movement error correction plane by the stylus based on the information
of the top of the sphere included in the calibration measurement data is determined, and also, ideal moving locus
information on the vertical movement error correction plane of the stylus is determined based on the reference
contour information about the reference sphere; and

in the correction parameter setting step, by comparing the actual moving locus information of the stylus with the
ideal moving locus information thereof, the displacement information of the translation axis direction value corre-
sponding to the height detection axis direction value of the stylus is estimated, and the value of the vertical movement
error correction parameter best suited for correcting the estimated displacement information is determined.

The correction method according to any one of claims 1 to 3, wherein the measurement error is a measurement
error due to the vertical movement error of the pivot-type stylus performing circular motion on a motion error correction
plane specified by the measurement axis and the height detection axis.

The correction method according to any one of claims 1 to 3, wherein the measurement error is the vertical movement
error of a linear stylus performing linear motion on the motion error correction plane specified by the measurement
axis and the height detection axis.

The correction method according to any one of claims 1 to 5, wherein the measurement error is a measurement
error due to the motion of the stylus in the motion error correction plane specified by the measurement axis and the
height detection axis, and in the correction parameter setting step, the value of a motion error correction parameter
best suited for correcting the measurement error due to the motion of the stylus in the motion error correction plane
is further determined.

The correction method according to any one of claims 1 to 6, wherein a measurement range in the height detection
axis direction is divided in advance into a predetermined number of regions, and

in the correction parameter setting step, the optimal value of the vertical movement error correction parameter is
determined in each of the divided regions.

The correction method according to claim 7, wherein in the correction parameter setting step, the optimal value of
the vertical movement error correction parameter is determined in each of the divided regions at the same time by
using the nonlinear least-squares method.

The correction method according to claim 7 or 8, wherein the correction method comprises a measurement data
correcting step of correcting a measurement data, which is obtained by tracing the work to be measured by using
the stylus, by using the value of the vertical movement error correction parameter, and

in the measurement data correcting step, the value of the vertical movement error correction parameter best suited
for correcting the measurement data is selected from the values of the vertical movement error correction parameter,
which is determined in the correction parameter setting step, based on the height detection axis direction value that
the measurement data has.

A measuring instrument comprising a stylus displaced following the surface to be measured of a work; and a pickup
for outputting at least a height detection axis direction value of the stylus, wherein the measuring instrument further
comprises a corrector for correcting a measurement error included in the data obtained by tracing the surface to be
measured of the work in the measurement axis direction by a tip of the stylus,

the measurement error being a measurement error due to a vertical movement error of the stylus, and the vertical
movement error being a displacement in the translation axis direction corresponding to the height detection axis
direction value of the tip position in a vertical movement error correction plane specified by the height detection axis
and the translation axis, and

the corrector comprising a calibration measuring device that obtains the calibration measurement data including the
displacement information of the translation axis direction value corresponding to the height detection axis direction
value of the stylus by moving the stylus;

15
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a correction parameter setting device that determines the value of the vertical movement error correction parameter
best suited for correcting the measurement error due to the vertical movement error of the stylus based on the
displacement information of the stylus included in the calibration measurement data obtained by the calibration
measuring device; and

a measurement data correcting device that corrects a measurement data, which is obtained by tracing the work to
be measured by using the stylus, by using the value of the vertical movement error correction parameter determined
by the correction parameter setting device.

16
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